Introduction. Accurate prenatal diagnosis of abnormally invasive placenta (AIP) is fundamental because it significantly reduces maternal morbidities. Material and methods. Medline, Embase, CINAHL and the Cochrane databases were searched. The primary aim of the present review was to elucidate the diagnostic accuracy of prenatal magnetic resonance imaging (MRI) in recognizing the severity of AIP, defined as the depth and topography of invasion. The secondary aim was to ascertain the strength of association between each MRI sign and the depth of placental invasion and to test their individual predictive accuracy in detecting such invasion. Inclusion criteria were studies on women who had prenatal MRI for ultrasound suspicion or the presence of clinical risk factors for AIP. Estimates of sensitivity, specificity, positive and negative likelihood ratios and diagnostic odds ratio were calculated using the hierarchical summary receiver characteristics curve model, and individual data random-effect logistic regression was used to calculate OR. Results. Twenty studies (1080 pregnancies undergoing MRI mainly for the ultrasound suspicion of AIP) were included. MRI showed a sensitivity of 94.4% [95% confidence interval (CI) 15.8-99.9], 100% (95% CI 75.3-100) and 86.5% (95% CI 74.2-94.4) for detection of placenta accreta, increta and percreta, respectively; the corresponding values for specificity were 98.8% (95% CI 70.7-100), 97.3% (95% CI 93.3-99.3), 96.8% (95% CI 93.5-98.7). MRI identified 100% of cases with S1 and 100% of those with S2 invasion confirmed at surgery. Among the different MRI signs, intra-placental dark bands showed the best sensitivity for the detection of placenta accreta, increta and percreta; as well as abnormal intra-placental vascularity, uterine bulging was associated with a higher risk of increta and percreta, exophitic mass and bladder tenting with placenta percreta. Conclusion. Prenatal MRI has an excellent diagnostic accuracy in identifying the depth and the topography of placental invasion. However, these findings come mainly from studies in which MRI was performed as a secondary imaging tool in women already screened for AIP on ultrasound and might not reflect its actual diagnostic performance in detecting the severity of these disorders.
Introduction
Rises in the cesarean section rate over the last three decades have led to a massive increase in the prevalence of abnormal invasive placenta (AIP) (1) (2) (3) (4) (5) . Accurate prenatal diagnosis of AIP is fundamental because it has been shown to reduce significantly the burden of maternal morbidities associated with such anomalies, such as lifethreatening hemorrhage, need for blood transfusion, damage to adjacent organs and admission to intensive care unit, by allowing a pre-planned management of these conditions (6, 7) .
Ultrasound is the primary tool to diagnose AIP in women at risk, such as those with placenta previa and a prior cesarean section, whereas prenatal magnetic resonance imaging (MRI) is usually reserved for cases with inconclusive ultrasound assessment. Overall, ultrasound and MRI have a good diagnostic performance in detecting AIP, although a high variability in the diagnostic accuracy of such anomalies is reported among the difference centers. Intra-and post-surgical outcomes of women affected by AIP are directly related to the depth and topography of placental invasion, with cases affected by placenta percreta or showing parametrial invasion being at higher risk of morbidity (1, 2) . Despite this, the actual performance of MRI in detecting the severity of placental invasion remains to be ascertained (8) . Furthermore, the strength of association and the predictive accuracy of each MRI sign suggestive of AIP and the severity of placental invasion reain still need to be elucidated. This is fundamental because it would allow a more accuratey stratification of the surgical risk of women suspected to be affected by AIP prenatally.
We have previously reported that MRI had an overall good diagnostic accuracy in detecting all types of AIP (8) . The primary aim of this systematic review was to elucidate the overall diagnostic accuracy of prenatal MRI in detecting the severity of placental invasion, defined as the depth and topography of invasion, in women at risk for these anomalies, such as those with ultrasound suspicion or clinical risk factors for AIP. The secondary aim was to explore the strength of association and the predictive accuracy of each MRI sign suggestive of AIP in identifying the severity of placental invasion.
Material and methods
This review was performed according to an a priori designed protocol and recommended for systematic reviews and meta-analysis (9) (10) (11) . Medline, Embase, CINAHL and The Cochrane Library including The Cochrane Database of Systematic Reviews (CDSR), Database of Abstracts of Reviews of Effects (DARE) and The Cochrane Central Register of Controlled Trials (CEN-TRAL) were searched electronically on 23 February 2017, utilizing combinations of the relevant medical subject heading (MeSH) terms, key words, and word variants for "Abnormal invasive placenta" "morbidly adherent placenta" and "MRI" (Supporting Information Table S1 ). The search and selection criteria were restricted to English. Reference lists of relevant articles and reviews were hand-searched for additional reports. PRISMA and STARD guidelines were followed (12,13). The study was registered with the PROSPERO database (Registration number: CRD42017069636).
The primary aim of the present systematic review was to elucidate the diagnostic accuracy of MRI in recognizing the severity of AIP, defined as the depth and topography of invasion. Inclusion criteria were studies on women who had prenatal MRI for ultrasound suspicion or the presence of clinical risk factors for AIP.
For the depth of placental invasion, the reference standard was histopathological examination of the removed uterus (14) . Placenta accreta was diagnosed when anchoring placental villi were attached to myometrium rather than decidua, but without completely invading it. Placenta increta was diagnosed when chorionic villi penetrated the myometrium, and placenta percreta when chorionic villi penetrated the myometrium to the uterine serosa or adjacent organs (14) . For the assessment of the topography of placental invasion, we adopted the anatomical classification of AIP proposed by Palacios-Jaraquemada et al. (15) .
According to such a classification, the anterior placental invasion was divided into two sectors delimited by a plane perpendicular to the supero-inferior bladder axis, and the uterine sector bordering, the upper posterior bladder wall called S1, and the uterine sector adjacent to the lower posterior wall, S2 (Figure 1) . From an anatomical perspective, S1 invasion refers to an invasion situated in the uterine body, whereas S2 to that mainly located in the lower uterine segment or below it. The reference standard was the topography of invasion observed at surgery (15) .
The secondary aim was to ascertain the strength of association between each MRI sign suggesting of AIP and the depth of placental invasion and to test their individual predictive accuracy in detecting such invasion.
The MRI signs explored in the present systematic review were:
1. Intra-placental T2 dark bands, defined as nodular or linear areas of low signal intensity on T2-weighted images.
2. Uterine bulging, defined as a focal outward contour bulge or disruption of the normal pear shape of the uterus, with the lower uterine segment being wider than the fundus. 3. Heterogeneous placental signal intensity, defined as heterogeneity in the placental parenchyma, which is in normal conditions characterized by a homogeneous intermediate signal intensity. 4. Focal interruption of the myometrium defined as the focal loss of integrity of the myometrial tissue. 5. Tenting of the bladder. 6. Abnormal intra-placental vascularity defined as areas of hyperintense signal on steady-state free precession (SSFP) sequences that are dark on single-shot fast-spin echo (SSFSE), usually having a size of 6 mm or larger. 7. Focal exophitic mass, defined as placental tissue seen breaking through uterine serosa and extending beyond it, most often seen inside filled urinary bladder. This sign was assessed only for cases affected by placenta percreta.
Studies were assessed according to the following criteria: population, prenatal diagnosis of AIP on MRI, depth of placental invasion and study design. Only studies reporting the diagnostic accuracy of MRI and different MRI signs in detecting the severity of placental invasion based on histopathological diagnosis were considered eligible for the inclusion in the present systematic review. Studies reporting exclusively a clinical diagnosis of AIP, such as difficulty or delay in placental detachment after delivery and those not differentiating among the severity of invasion were excluded. Studies reporting exclusively the prenatal diagnosis of AIP after first or second trimester abortion were also excluded, as were those reporting the prevalence of a given MRI sign only in cases affected by AIP. Prospective and retrospective cohorts, case-control studies, case reports and case series were analyzed. Opinions and studies carried out only in the second and/or third trimester of pregnancy were excluded. Case reports were also excluded to avoid publication bias. Studies published before 2000 were excluded, as we considered that advances in prenatal imaging techniques and improvements in the diagnosis and definition of AIP make these less relevant.
Two reviewers (F.D.A., A.F.) independently extracted data. Inconsistencies were discussed among the reviewers and consensus reached. Histopathological findings and/or surgical notes were used as a gold standard.
Quality of studies was assessed using the revised tool for the quality assessment of diagnostic accuracy studies 2 (QUADAS-2) (16). This tool evaluates both the risk of bias and the applicability of each study characteristic to the research question in four domains (patient selection criteria, choice of index test and of reference standard, and flow of patients); both risk of bias and applicability are scored as "yes", "no" or "unclear", where "yes" stands for low risk of bias and low concern regarding applicability (16) .
Funnel plots displaying the outcome rate from individual studies vs. their precision (1/standard error) were carried out with an exploratory aim. Tests for funnel-plot asymmetry were not used when the total number of publications included for each outcome was less than 10. In this case, the power of the test is too low to distinguish chance from real asymmetry.
We evaluated the predictive accuracy of MRI for the detection of four degrees of placental invasion: placenta accreta, increta, accreta or increta, and percreta. The reason for this choice was based upon the fact that placenta percreta is associated with the higher rate of peri-surgical complications compared with placenta accreta and increta. Furthermore, placenta accreta and increta may coexist in the same uterine specimen in women affected by AIP (8, 15) . Finally, it was not possible, for some of the included studies, to extrapolate data on placenta accreta and increta separately. Thus, in order not to lose potentially relevant information, we decided also to report the different figures of diagnostic accuracy of MRI and different MRI signs in detecting the presence of placenta accreta/increta.
For the detection of placenta accreta, increta, and accreta/increta, we evaluated the association between each of these three outcomes and: (i) an abnormal overall prenatal MRI index; (ii) each of the six prenatal MRI signs included in the overall index: intraplacental dark bands; uterine bulging; heterogeneous signal intensity of the placenta; focal interruption of the myometrium; bladder tenting; abnormal intraplacental vascularity. For the detection of placenta percreta, we used the same approach as described above, but we added a seventh, specific sign to the overall MRI index (direct invasion of the adjacent organs/focal exophitic mass), and we tested the association between the outcome and: (i) the larger composite MRI index; (ii) each of the seven prenatal MRI signs.
We thus performed (7*3) + 8 = 29 separate meta-analyses, the units of which were single comparisons of subjects with an abnormal (exposed group) vs. normal (unexposed group) MRI sign to predict each of the four outcomes. For each meta-analyses, we first computed summary estimates of sensitivity, specificity, positive and negative likelihood ratios (LR + and LR À ) and diagnostic odds ratio (DOR) using the hierarchical summary receiver-operating characteristics (HSROC) model (17) (18) (19) . Rutter and Gatsonis HSROC parameterization was used because it models functions of sensitivity and specificity to define a summary ROC curve, and its hierarchical modeling strategy can be used for comparisons of test accuracy when there is variability in threshold between studies (17) (18) (19) . However, when the number of studies is small, the uncertainty associated with the estimation of the shape parameter may be very high, and models may fail to converge. Thus, for all meta-analyses in which fewer than four study estimates could be pooled, the DerSimonian-Laird random-effect model was used. Some of the meta-analyses included observational casecontrol studies reporting zero events in one or both the compared groups, and unbalanced exposed and unexposed groups. In these cases, the best performing methods are the Mantel-Haenszel odds ratio without zero-cell continuity corrections, logistic regression and an exact method (20) (21) (22) . Mantel-Haenszel odds ratios cannot be computed in studies reporting zero events in both groups. However, the exclusion of these may cause a relevant loss of information and the potential inflation of the magnitude of the pooled exposure effect (20) (21) (22) . Therefore, to keep all studies in the analyses, we also performed all meta-analyses using individual data random-effect logistic regression, with single study as the cluster unit. The pooled datasets with individual data were reconstructed using published 2 9 2 tables.
Finally, we performed meta-analyses of proportions to estimate the pooled rates of placenta accreta, increta, accreta+increta and percreta of subjects with and without each MRI sign, respectively. Proportion meta-analyses were performed using a random-effect model to account for inter-study heterogeneity.
The potential publication bias could not formally assessed because of the small numbers of studies and events: formal tests for funnel-plot asymmetry cannot be used when the total number of studies included for each outcome is lower than 10, as their power is too low (20) .
STATA command metandi 2013 (Stata Corp., College Station, TX, USA) and META-DISC 1.4 were used to analyze the data (23, 24) .
Results
A total of 984 articles were identified. After screening the abstracts, 50 full text articles were assessed with respect to their eligibility for inclusion (Supporting Information  Table S2 ) and 16 studies were included in the systematic review (Table 1, Figure 2 ) (15, (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . These 20 studies included 1080 pregnancies at risk for AIP, mainly because of the ultrasound suspicion of such anomalies, thus representing a population already screened for the occurrence of these disorders. Of these, 810 [75%, 95% confidence interval (CI) 72.3-77.6] had AIP. Information on the depth of placental invasion was available for 15 studies, whereas one 3), respectively. SSFSE using a time-toecho of 60-90 ms and SSFP sequences in three planes using an approximate 38 cm field of view and slice thickness of 5-7 mm were among the most used settings in the included studies. General characteristics of the studies included in the present systematic review are reported in Table 1 . Most of the included studies were retrospective series, with different gestational ages at assessment and type of MRI signs explored (Table 1) . Quality assessment based on QUADAS-2 guidelines is shown in Figure 3 . Most of the studies were of high quality, and there was a low risk of bias and low concern regarding the applicability of the studies. Nine studies explored the diagnostic performance of MR in detecting the severity of placental invasion based on histopathology (28, 29, 31, (33) (34) (35) (37) (38) (39) Table 2 .
Only three studies explored the role of MRI in identifying the topography of the invasion (15, 30, 38) . Overall, MRI correctly identified 100% (95% CI 97.5-100) of cases with S1 and 100% (95% CI 98.5-100) of cases with S2 invasion confirmed at surgery.
Seven studies explored the strength of association between intra-placental dark bands and the severity of placental invasion (25) (26) (27) 29, (35) (36) (37) . The presence of dark bands was independently associated with placenta accreta, increta and percreta (Supporting Information Table S3 ) with an OR of 5.2, 15.0 and 7.9, respectively. When translating these findings into figures of diagnostic accuracy, intra-placental dark bands had a sensitivity of 89.7% (95% CI 44.2-99.0), 89.7% (95% CI 72.6-97.8) and 82.6% (95% CI 68.6-91.1) for the detection of placenta accreta, increta and percreta, respectively; the corresponding figures for specificity were 49.5% (95% CI 26.9-72.3), 63.4% (95% CI 54.7-71.6) and 58.5% (95% CI 38. of the depth of placental invasion was 8.5, 9.3 and 6.7 for placenta accreta, increta and percreta. Eight studies explored the strength of association and the predictive accuracy of the presence of uterine bulging in recognizing the depth of placental invasion (25) (26) (27) (28) (29) 32, 35, 37) . Uterine bulging was associated with a higher risk of increta and percreta, with an OR of 6.1 and 6.3, respectively, but not of placenta accreta. Sensitivity and specificity of uterine bulging in identifying placenta accreta were 54.5% (95% CI 32.2-75.6) and 58.8% (95% CI 49.8-67.3), while the corresponding figures for placenta increta and percreta were 76.7% (95% CI 52.8-90.6) and 62.5% (95% CI 40.9-80.0) and 77.4% (95% CI 62.6-87.5) and 64.7% (95% CI 50.3-76.9) (Tables 3-6; Supporting Information Tables S3 and S4) .
3-76.2). DOR of intra-placental dark bands in the detection
Six studies explored the association between heterogeneous signal intensity in the placenta and different types of AIP (25, 27, 28, 32, 36, 37) . The presence of a heterogeneous signal intensity was associated with a higher risk of every type of AIP, with an OR of 5.8, 16.5, 7.9 and 3.5 for placenta accreta, increta, accreta/increta and percreta, respectively. Sensitivity and specificity were 75.0 (42.8-94.5) and 65.9% (95% CI 54.6-76.0) for placenta accreta, 81.8% (95% CI 48.2-97.7) and 71.1% (95% CI 59.5-80.9) for placenta increta, 80.9% (95% CI 41.5-96.2) and 67.4% (95% CI 41.2-85.9) for placenta accreta/increta, and 73.9% (95% CI 39.7-92.4) and 62.7% (95% CI 43.8-78.4) for placenta percreta (Tables 3-6) .
Seven studies explored the strength of association and predictive accuracy of focal interruption of the myometrium in identifying the severity of AIP (Tables S3 and  S4) (25) (26) (27) (28) 32, 35, 39) . Interruption of the myometrium was significantly associated with placenta accreta, increta and percreta, with an OR of 4.4, 7.5 and 8.7, respectively. Interruption of the myometrium had a sensitivity, a specificity and a DOR of 63.6% (95% CI 40.7-82.8), 72.2% (95% CI 62.8-80.4) and 3.5 (95% CI 0.9-14.5) in identifying cases with placenta accreta. Sensitivity and specificity for placenta increta and percreta were 71.5% (95% CI 48.5-87.0) and 74.6% (95% CI 63.0-83.4) and 78.6% (95% CI 59.0-91.7) and 70.2% (95% CI 62.7-77.0), respectively.
The presence of focal exophitic mass extending into the bladder was analyzed only for cases with placenta percreta and was explored only by five studies (25, 28, 29, 31, 37) . Detection of exophitic mass at fetal MRI was independently associated with placenta percreta with an OR of 278 (Table S3) Table 6 ). The presence of bladder tenting was significantly associated only with the placenta percreta, with an OR of 12.8 (95% CI 2.7-61.4) and showed a sensitivity of 52.6% (95% CI 28.9-75.6), a specificity of 90.2% (95% CI 79.8-96.3), a DOR of 9.0 (95% CI 1.8-43.8), an LR + of 4.2 (95% CI 1.6-11.2) and an LR À of 0.6 (95% CI 04-0.9).
Finally, abnormal intra-placental vascularity was significantly associated with placenta accreta (OR 4.4, 95% CI 1.6-12.3), increta (OR 3.2, 95% CI 1.3-8.1) and percreta (OR 4.0, 95% CI 1.5-10.5). Sensitivity of abnormal intraplacental vascularity was 53.8% (95% CI 28.3-77.4) for placenta accreta, 46.0% (95% CI 27.8-65.2) for placenta increta, and 46.4% (95% CI 26.4-67.7) for placenta percreta. The corresponding figures for specificity were 80.9% (95% CI 68.9-89.0), 80.0% (95% CI 66.4-89.1) and 79.8% (95% CI 68.7-87.7).
Discussion
The findings from this systematic review showed that prenatal MRI has an excellent diagnostic accuracy in identifying the depth and the topography of placental invasion. However, these findings come from studies in which MRI was performed as a secondary imaging tool in women already screened for AIP on ultrasound and might not reflect its actual diagnostic performance in detecting the severity of these disorders. Small number of included studies, their retrospective design, heterogeneity in MRI signs explored and gestational ages at assessment represent the main limitations of the present systematic review.
Ultrasound is usually the primary tool in assessing women at risk for AIP, such those presenting with placenta previa and a prior cesarean section, whereas MRI is performed only to confirm the diagnosis or in case of inconclusive ultrasound assessment. The large majority of women included in the present systematic review were referred to MRI in view of the ultrasound suspicion of AIP, thus representing a population already screened for these disorders. In this scenario, the figures reported here may not represent the actual diagnostic performance of MRI in detecting the severity of AIP. Lack of stratification of the analysis according to gestational age at scan and maternal characteristics represents another major limitation of the present systematic review. Interpretation of individual signs is another relevant issue; the diagnostic accuracy of MRI has been shown to be significantly affected by operator experience (34) . Furthermore, there is no complete agreement yet on how to label the different imaging signs suggestive of AIP, and it might be entirely possible for the same imaging sign to be named differently by different operators. Finally, surgical assessment of the severity and topography of placental invasion was not blinded to the imaging reports in the large majority of included cases. Despite these limitations, the present systematic review represents the most comprehensive assessment of the diagnostic accuracy of MRI in detecting the severity of invasion.
Accurate prenatal diagnosis of the severity of AIP is fundamental to tailor the optimal surgical approach. The two major determinants of surgical outcome in women affected by AIP are the depth and extension of placental invasion (40) . Depth of placental invasion refers to the degree of invasion through the myometrium. Invasion of the bladder and adjacent organs is significantly associated with a higher risk of massive hemorrhage and surgical complications than is a lesser degree of invasion, such as that occurring in placenta accreta. It is therefore fundamental to identify those cases at higher risk of placenta percreta to plan an appropriate surgical management (1,2). We have previously reported that ultrasound has an overall good diagnostic accuracy in identifying the depth of placental invasion with a sensitivity of 90.6% (95% CI 80.7-96.5), 93.0% (95% CI 80.9-98.5), and 81.2% (95% Table 2 . Summary estimates of sensitivity, specificity, positive and negative likelihood ratios (LR CI 51.8-94.6) and a specificity of 97.1% (95% CI 95.4-98.3), 98.4 (95% CI 97.0-99.2), 98.9 (95% CI 95.0-100) for placenta accreta, increta, accreta/increta and percreta, respectively. The findings from this systematic review showed that the diagnostic accuracy of MRI in detecting the depth of placental invasion is similar to ultrasound.
The relatively lower sensitivity of MRI in detecting placenta percreta compared with less severe types of AIP might initially look surprising, especially when considering that ultrasound has been reported to have a similar diagnostic performance in detecting this type of invasion (41) . Placenta percreta is classically defined as chorionic villi penetrating through the myometrium to the uterine serosa, but it is not a unique condition; it can be confined to the uterine serosa or associated with a massive infiltration of the parametria, bladder and adjacent organs. In this scenario, the prevalence of MRI signs can be different according to the type of extra-uterine invasion. Gestational age at MRI represents another relevant issue. Although no randomized trial on the optimal timing at MRI has been published, it is the collective authors' experience that a later gestational age at scan (>30 weeks) may affect the detection of AIP. Increase in uterus size and subsequent stretching of the myometrium with advancing gestation will make it difficult to detect focal myometrial thinning adjacent to a bulging placenta adjacent to the serosa. Furthermore, heterogeneous signal intensity and infarcts are more commonly seen later on in pregnancy due to physiologic placenta aging, thus confounding the assessment of the presence and type of placental invasion. Finally, studies on ultrasound diagnosis of AIP include longitudinal assessment of women at risk for these conditions, such as those with placenta previa and prior cesarean section, whereas MRI is usually performed only once during gestation. In this scenario, it is clinically plausible that serial assessments through pregnancy may improve the diagnostic accuracy of ultrasound in detecting AIP, also considering that signs of advanced placenta invasion may become apparent only later on in gestation, thus partially explaining the similar diagnostic performance of ultrasound and MRI in detecting placenta percreta. The topography of placental invasion is the other major determinant in predicting surgical outcome in women with AIP (15) . Irrespective of the depth of invasion, AIP occurring in the inferior third of the lower uterine segment is likely to be associated with increased surgical difficulties compared with that affecting the upper part of the uterine segment. Palacios-Jaraquemada et al. provide an objective anatomical classification of AIP invasion which is mainly applicable to women with anterior placental invasion (15) . According to this classification, anterior placental invasion is divided into two sectors, delimited by a plane perpendicular to superoinferior bladder axis. The upper posterior bladder wall is labelled as S1 and uterine sector adjacent to lower posterior wall as S2. The importance of such a classification is that it can predict surgical outcome, with women showing S2 invasion being at higher risk of complications during surgery. Despite this, such classification still requires validation in large prospective studies. In the present review, MRI was able to identify accurately all cases of S1 and S2 invasion. Conversely, we have previously reported that the detection rate of ultrasound in detecting S1 and S2 invasion was 93.4% (95% CI 64.7-100) and 90.3% (95% CI 80.7-97.4), respectively. Although it might seem that MRI has an overall better accuracy in correctly describing the topography of placenta invasion compared with ultrasound, these results should be interpreted with caution. The small number of included cases and lack of data on specificity highlight the need for large studies aiming at validating such a diagnostic approach and at comparing the performance of MRI and ultrasound in correctly identifying the topography of placental invasion. However, until further evidence is available, it may be reasonable to perform an MRI in women suspected to be affected by severe types of AIP in order to delineate the topography of placental invasion, especially when a resective procedure such as hysterectomy is planned.
Further large prospective studies integrating pregnancy characteristics, ultrasound and MRI signs are needed to standardize prenatal diagnosis of AIP and to provide predictive models able to anticipate surgical outcome of women affected by AIP.
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